Discrete Event Simulation (DES) is a powerful tool for efficiency improvements in production. However, instead of integrating the tool in the daily work of production engineers, companies apply it mostly in single-purpose studies such as major investment projects. One significant reason is the extensive timeconsumption for input data management, which has to be performed for every simulation analysis to avoid making decisions based upon obsolete facts. This paper presents an approach that combines automated raw data collection and automated processing of raw data to simulation information. MTConnect is used for collection of raw data and the GDM-Tool is applied for data processing. The purpose is to enable efficient reuse of DES models by reducing the time-consumption for input data management. Furthermore, the approach is evaluated using production data from the aerospace industry.
INTRODUCTION
Compared to desirable values presented by production researchers, the utilization of production resources is generally low in industry. For example, the Overall Equipment Efficiency (OEE) is often found to be 50-60% in companies across various lines of business (Ingemansson 2004) . Nakajima (1988) states that an OEE figure of 85% should be possible to achieve and that 90% is the ideal target.
Companies are well aware of the potential of reducing this gap and, thus, continuously work with system improvements in a systematic manner. However, despite the presence of powerful computer support, Information Technology (IT) tools are underutilized in support of continuous improvement processes. One example is Discrete Event Simulation (DES), which is applied in fewer projects than it should be when considering its capabilities (McLean and Leong 2001) .
When correctly applied, DES works well in combination with continuous improvement philosophies like the Theory Of Constraints (TOC) (Goldratt 1990) . During the philosophy's five iterative steps (Rahman 1998), simulation can be profitably applied in the following manner: Based on the arguments above, and its capability of analyzing dynamic aspects of production flows, DES is an excellent tool for support of continuous improvement efforts. However, for various reasons, DES is more often applied in well-delimited projects than on a daily basis (Williams 1996) . One reason is the extensive time-consumption for raw data collection and for the processing of raw data to input information for simulation models. These steps, i.e. the input data management process, consume on average 31% of the time for an entire simulation study (Skoogh and Johansson 2010) . This problem becomes even more evident when DES is use on a daily basis, since the shop floor status changes continuously and therefore requires repetitive efforts for input data management Previous studies show that the main reason for the extensive time-consumption is that most companies collect raw data manually and convert it to information each time a simulation study is launched. One solution is to automate as many activities as possible and thereby enable automatic updates.
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Identify the system's constraint(s)
The purpose of this paper is to enable reuse of DES models by reducing the time-consumption for input data management. The aim is to evaluate the feasibility of combining automated raw data collection and automated data processing into a push-button solution for DES. In this study, MTConnect (MTConnect Institute 2010) is used to log time-stamps containing machine status directly from the machines. These raw data are then submitted to a tool for automated data processing, called the Generic Data Management Tool (GDM-Tool) (Skoogh 2009 ); see Figure 1 . The GDM-Tool is a middleware solution that automates all data processing steps, including categorization, cleaning, calculation and condensation to statistical distributions. Using this solution, companies can apply DES in their daily work with continuous improvements, without spending time and effort on the repetitive work of input data management.
REVIEW OF INPUT DATA MANAGEMENT TOOLS
Previous research has examined the possible levels of automation in input data management for simulation. A good summary of four different approaches is provided by Robertson and Perera (2002) 
GDMTool
Figure 1: Schematic data flow from machine to simulation model. Robertson and Perera (2002) found that the manual solutions (1 and 2) were still most applied in industry, but there have been advances towards steps three and four after publication of their article. However, integration of high level corporate databases such as Enterprise Resource Planning (ERP) systems has proved to be difficult because they contain data too imprecise for dynamic simulations (Moon and Phatak 2005) .
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As displayed in Figure 1 , a data management system contains two main components: the collection of raw data and the processing of raw data into appropriate inputs for a simulation model. For collection, there are a few alternatives presented in previous publications. Ingemansson et al. (2005) presents a case study in an automotive company where an automated data collection system was used to log breakdown time-stamps from NC (Numerically Controlled) machines. The communication technology used in their case study and the format of the raw data is, however, unspecified. In addition to reduced timeconsumption, their case study shows that automated collection of raw data also increases the data quality. See below for a brief review of other solutions for production data logging.
OPC for Raw Data Collection
One specific communication technology applicable for raw data collection is OPC (OLE (Object Linking and Embedding) for Process Control), which is a leading worldwide specification in enabling connectivity and interoperability of factory floor equipment. OPC is an integration technology developed by the OPC Foundation that defines a standard interface to control devices (OPC Foundation 2010). OPC promotes interoperability both horizontally and vertically in the enterprise so that it can cut integration costs, speed deployment and promote increased operating efficiency. The OPC software specification describes a client/server object model to allow communication between client applications (OPC Clients) and control device servers (OPC Servers). OPC handles integration by creating a "software bus" so that applications need only know the data required from OPC data sources, not how to get it. OPC Foundation has defined several OPC interface specifications, including Data Access (DA), Event and Alarm Management, and Historical Data Access. The Data Access specification provides a standard mechanism for communicating to data sources on a factory floor. The Event and Alarm Management specification defines a means for transmitting alarm and event information between OPC servers and clients. The Historical Data Access specification allows OPC clients to access historical archives to retrieve and store data in a uniform manner. The major weakness of OPC is that it is primarily a standard IO communication mechanism, and does not offer any standard device information models. For example, OPC Clients are required to make assumptions that certain items would be available from the CNC (Computed Numerically Controlled) OPC Server, but there is not a guarantee to the tag availability, name, or type of the data.
DPWS Combined with Automated Data Processing
A similar proposal as the one presented in this paper is provided by Aufenanger et al. (Accepted for publication 2010). They used the Devices Profile for Web Services (DPWS) for collection of raw data from manufacturing resources such as conveyor belts and machines. DPWS enables collection of raw data, which is then stored in a database of an in-house developed application called Machine Data Acquisition (MDA). Furthermore the MDA application also includes algorithms for processing the raw data to serve as input to a simulation model. Raw data collection using DPWS is generic and automatically detects production resources connected to the local network, but the algorithms applied for data processing are specifically developed for each implementation. The paper states that their concept shows promising results in a test evaluation in laboratory environment.
METHOD
This paper combines the capabilities of two existing technologies, MTConnect and the GDM-Tool, in order to achieve a push-button solution for input data management in DES. The solution is designed and tested in a case study at a manufacturing company in order to ensure that it is applicable in a real world context. In addition to designing and demonstrating the solution, this study also compares it to alternative procedures of input data management. The comparison is performed by measuring the time-consumption for completing the input data management process using a completely manual approach and the proposed approach combining the capabilities of MTConnect and the GDM-Tool. The manual approach is, according to the authors' experience as well as Robertson and Perera (2002) (solutions 1 and 2), the most commonly applied in industry. It includes raw data collection from available data sources when present but also complimentary manual gathering, e.g. using a stop-watch. Necessary data cleaning such as elimination of outliers is performed using basic formulas in MS Excel ® or similar applications. This is also the case for calculations, e.g. for the time between failures by finding the difference in start times of two failures. The data is finally condensed (usually to statistical distributions) using a distribution-fitting software or in worst case by assuming appropriate distribution families.
This case study is also a part of the validation of the GDM-Tool, which was originally designed and developed in a case study at a company in the automotive industry. The strategy is to test the tool in various case studies in different lines of business and thereby evaluate whether its approach to automated input data management is feasible. Moreover, the different case studies will introduce further requirements on the tool and result in implementation of additional functionality. As a result, the tool will be increasingly robust and the vision is that it finally will be applicable for any DES study.
OUTLINE AND EVALUATION OF THE CONCEPT
A test implementation has been performed at a large aerospace manufacturing company in collaboration with NIST to explore what new opportunities that data from MTConnect offers for DES. A work cell in a job shop environment with four high-speed, five-axes CNC machines together with one pallet shuttle system was simulated. In the work cell a large variety of aluminum parts with individual cycle times are manufactured with high speed machining. The scope of the test implementation has been to show how MTConnect data can be used together with automated data processing and DES to improve production. Using data processing the Cycle Time, Mean Time Between Failure (MTBF), Mean Time To Repair (MTTR) and Energy usage could be calculated directly from the MTConnect data. Note however that the automated data processing evaluated in this paper is delimited to MTBF and MTTR. An overview of what has been done can be seen in Figure 2 .
The goal for the entire research project was to study how energy usage data from MTConnect can be used for sustainability analysis in DES. It turned out that the data itself was useful for modeling but the savings in energy usage was unsatisfying. The data showed that the cost of running one of the machines in terms of electricity was around 50 cents. However, despite the low savings in this particular case the authors foresee an interesting future for combined DES and sustainability analysis. Figure 3 shows the MTConnect architecture, in which an MTConnect Device is a piece of factory equipment organized as a set of components that provide data. An MTConnect Agent is a process that acts as a "bridge" between a device and a "Client Application". The MTConnect Agent receives and stores single or a time series of data samples or events that are made available to the Client Application. An MTConnect Client is typically a factory application, including shop floor dashboard visualization, Overall Equipment Effectiveness (OEE), and data mining of asset and process knowledge.
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The basic MTConnect specification provides a CNC machine tool information models including definitions for position, feeds, speeds, program, control logic, and some tooling. The MTConnect Information
Model is not hardwired; rather users assemble an XML information model to match their devices. MTConnect further provides XML attributes in which to help refine the Device Information models. Such XML attributes include Category, Name, Type, Subtype and Units. New additions to the Information Model are backwards compatible, in that MTConnect Clients will not break when new information is supplied to them, but will only be unaware of its existence.
In previous work performed by the National Institute of Standards and Technology (NIST), data provided by MTConnect has been mapped according to the data requirements of DES. Table 1 shows how the raw data given by MTConnect can be converted to DES parameters. The table also includes sustainability metrics as a result of NIST's promising research on combining DES and sustainability analysis of production systems. Note however, that this test implementation regards only the down time and the time between down times, which are the most important parameters to mimic the dynamics of production systems (Williams 1994 ). 
The GDM-Tool for Automated Data Processing
The GDM-Tool is a computer application that demonstrates the concept of automated input data management. All steps in the input data management process are automated, except for the collection of raw data; see Figure 4 . This exception is the reason for the potential of integrating the tool with MTConnect. The GDM-Tool is a MS Windows desktop application developed in C# (Visual Studio) and was originally developed for a case study in automotive industry as a part of a Swedish research project called FACTS (Skoogh, 2009) . Its main data processing features include:
• Data cleaning: Removal of irrelevant data points. One common example is in collection of machine stop times, where several stop categories usually have to be removed to suit the needs of dynamic simulations.
• Data calculations: One example is the calculation of times between failures (TBF) as a subtraction of two different failure start-times.
• Data condensation: Distribution fitting. Files of DES raw data often contain several thousand data points, and that is generally considered too much to supply to the simulation model. Hence, practitioners often prefer to use statistical distributions. Notice that the GDM-Tool is a middleware solution that works similarly to solution 3 presented in chapter 2 (Robertson and Perera, 2002) with the difference that the GDM-Tool does not store data itself. Instead, raw data is still stored in the original data sources, e.g. MTConnect XML-files, CBS or regular spreadsheets. The simulation information, which is the output from the GDM-Tool, can reside in any application selected by the user. A standardized format such as a CMSD (Core Manufacturing Simulation Data) (SISO 2009) file is preferred for increased interoperability between applications.
An initial goal when designing the GDM-Tool was to make it completely generic and possible to automatically connect to any source of raw data. However, due to the diversity of data sources, with a huge amount of in-house legacy systems in industry, such a solution was not selected. Instead a user with good knowledge about the production process, the data sources and the simulation model has to set up a sequence of actions that the GDM-Tool will perform for a given simulation model. In other words a configuration is performed using tools for data extraction, data conversion and output preparation. These tools are implemented using a plug-in based architecture enabling convenient development and extension of the GDM-Tool functionality if required.
Later, a configuration can be executed in "automation mode" and fed with updated data sources. The automation mode is intended to be the most frequently used among the two user environments. Thus, the more times a configuration can be used without changes, the more beneficial is the approach of automated input data management. Finally, an old configuration can also be opened in the configuration mode for further development by selecting "edit mode" in the dialogue box.
Execution of Data Conversion Using the GDM-Tool
As previously stated, the production data used to evaluate the concept is taken from a real production system in the aerospace industry. The authors developed a script to poll raw data from the machines via MTConnect. Furthermore, a Visual Basic (VB) script was developed to extract the relevant data (see Ta 
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Thereafter, the GDM-Tool imports the list of state changes and processes it in order to go from raw data to simulation input information. To do this conversion the following steps are required, all corresponding to one plug-in in the GDM-Tool:
1. Import MS Excel ® file. 2. Remove all columns irrelevant to the specific analysis. 3. Remove all lines of data points containing state changes other than alarms. 4. Calculate the time difference between the start and stop time of each alarm to achieve the Time to Repair (TTR). 5. Store the calculated values in a new column. 6. Remove all stop times for the alarms. 
The Difference Between States and Events
One very important difference between the raw data obtained by MTConnect and raw data from previous industrial test cases using the GDM-Tool is that MTConnect provides a list of states. Other data systems investigated by the authors have instead provided a list of events. Here, a state is defined as one row of data points describing the machine status at one given time; see the example in Figure 5 . An event on the other hand is defined as a row of data points containing the start time and the duration of a specific state occurrence, in this case the start time and the duration of each specific alarm.
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This difference requires some considerations for the automated data processing in order to identify the rows of data containing just start times and stop times of state occurrences, here called state changes. All other rows of data are irrelevant and must be disregarded from the data analysis. At present the identification of these rows containing state changes is performed by VB macros so the GDM-Tool imports and processes a list of state changes.
Required Additions to the GDM-Tool
To streamline the data collection and processing even more, the GDM-Tool needs an addition of functionality for identifying the rows containing state changes. With such functionality the plug-in "Remove row by column value" can be applied to remove rows containing states and, thus, just keep a list of state changes. This enables parts of the VB script to be replaced by the GDM-Tool, which reduces the degree of customization.
DISCUSSION
This paper demonstrates complete automation of the input data management process in DES studies, by combining MTConnect and the GDM-Tool. The concept has the potential to significantly reduce the time-consumption for updating simulation models. As a result, simulation models can be used on a more frequent basis and be integrated in the daily work of industrial engineers. This provides support for iterative production development strategies such as TOC and would be of great advantage compared to the present situation when DES is mostly applied in single purpose projects.
MTConnect and similar technologies open several possibilities in collection of raw data for DES, but there are still a lot of challenges to meet. One challenge is to develop a solution to log MTConnect data over a longer time period. The current solution to log the data in a Microsoft Excel ® spreadsheet works for now, but will face problems for longer time periods due to the limitation of rows. One solution is to set up a database and let the VB-script continuously store raw data samples. The GDM-Tool can then request and automatically import data from the database when a simulation run is initialized.
Another challenge is to have a more detailed alarm handling in MTConnect. Currently the alarms from the machine itself are directly included in the MTConnect data. This causes a lot of problems since every machine vendor has its own sets of alarm codes and implementation of alarms. What needs to be put in place is a way of classifying how severe an alarm is to evaluate whether an alarm really corresponds to a complete machine breakdown. These and similar problems are important to solve in order to maintain the user's trust in accurate data, which is a common criticism against automated data management.
The GDM-Tool has now been evaluated in three different industrial case studies, two in the automotive industry and one in the aerospace industry. The concept of automated data management still seems to be promising thanks to the relatively similar structures of raw data sources in industry. However, the tool has not yet reached the state where it can be directly applied at a new company without development of additional plug-ins. Thus, the goal of being generic cannot yet be claimed. More case studies are required to evaluate whether the middleware solution can be generic or if some customization will always be required. Regardless of these modifications, one common result for all case studies is a significant reduction in time-consumption of input data management compared to conventional methods in industry.
The approach demonstrated in this paper is one view of the third solution to input data management presented by Robertson and Perera (2002) . Another similar approach is the one presented by Aufenanger et al. (Accepted for publication 2010), which combines Devices Profile for Web Services (DPWS) for raw data collection and a custom made application for data storage, data processing and simulation. A slight difference between that approach and the one presented in this paper is that the GDM-Tool is intended to strive towards a state where it can be considered generic to different production systems, while the alternative presented by Aufenanger et al. (Accepted for publication 2010) requires some customization. A third category in the same category is the use of VB macros for data cleaning and calculations.
However, a separate application is often applied to condense data to a suitable format for simulation. Working with macros for input data management is considered relatively time-efficient given that the programmer is well experienced or has a library of similar macros for reuse of code. Otherwise the approach is too specific and the user runs the risk of spending more time on macro development than what was originally required to manually process the data.
CONCLUSIONS
This paper presents one solution of completely automated input data management for DES models including machining operations. The solution is demonstrated on the simulation input parameters MTBF and MTTR. Raw data is directly collected by the machines via MTConnect, processed and prepared for simulation in the GDM-Tool, and finally input to a DES model for production analysis. The main objective is to reduce the time-consumption for input data management in DES, which is the major part of most simulation studies. As a result, simulation models can be more frequently updated and be integrated in the daily work of production engineers. This enables development of more efficient material flows in production with increased OEE figures. The solution is tested in a case study at an aerospace manufacturing company with good results. Compared to complete manual data handling, the estimated time-reduction is around 75% (from ½ work day to 1 hour) just for the processing of raw data. If the time for raw data collection is included, which normally takes several days or weeks, the reduction is of course even larger. Another option evaluated by the authors is to use MS Excel ® macros instead of the GDM-Tool and this solution can be almost as efficient given that the user has built the macros in advance or that he/she has a well established library of suitable code sections. However, the advantage of the GDM-Tool is that it provides data processing operations applicable for any manufacturing company storing their raw data in some relational table format.
Both MTConnect and the GDM-Tool are quite new applications for input data management to DES and it is therefore necessary to evaluate and improve them using further industrial case studies. In this case study some experiences should be highlighted:
• Data provided by MTConnect is polled in intervals specified by the user and, thus, presented as a list of machine states. Similar systems in manufacturing industry typically stores raw data as events containing information of both start time and duration. This difference initiated the development of a new plug-in in the GDM-Tool converting a set of states into events.
• There are still some issues on how to interpret some data points provided by MTConnect. One example is that some down time samples seemed to be too short to be considered as machine breakdowns in a DES model. Rather, they appeared to be logged due to communication problems between the machine and the MTConnect agent. In any case, more studies are required before using the raw data in sharp industrial DES studies.
• Further development of the GDM-Tool would streamline the data flow even more by reading the raw data directly from the MTConnect XML-file and eliminate the need for MS Excel ® .
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